Catalytic enantioselective functionalization of 2-pyrrolyl acetic acid with trichloromethyl enones using isothiourea catalysis is reported, leading to a range of stereodefined diesters and diamides after nucleophilic ring-opening with either methanol or benzylamine (30 examples, up to >95:5 dr and >99:1 er). Subsequent intramolecular Friedel-Crafts reaction allows access to dihydroindolizinones in high yields and stereofidelity (6 examples, up to >95:5 dr and 99:1 er)
Ammonium enolates generated from carboxylic acid derivatives are versatile reactive intermediates that can be used in a variety of stereoselective bond-forming processes. 1 In this regard, isothioureas have emerged as powerful organocatalysts in a range of transformations proceeding via isothiouronium enolate intermediates. 2 For example, the stereoselective intermolecular Michael addition-lactonization/lactamization of isothiouronium enolates with suitable α,β-unsaturated enones or imines can be used to generate substituted dihydropyranones or dihydropyridinones, respectively, with excellent diastereo-and enantioselectivity. 3 However, a current limitation of this methodology is the requirement for either an aryl, heteroaryl, or alkenyl substituent to be connected at the C(2) position of the arylacetic acid, with limited heteroatom tolerance at this position (Scheme 1a). -Nitrogenous substituents can be introduced with isothiouronium intermediates using either electrophilic N-acyl N-aroyldiazenes (Scheme 1b), 4a or via cooperative Cu catalysis using diaziridinones. 4b To date, direct functionalisation of a carboxylic acid with an -nitrogenous substituent using isothiouronium enolates has yet to be reported. 5 In this manuscript, the use of the pyrroloacetic acid 1 bearing an -N-pyrrole substituent as an isothiouronium enolate precursor is investigated (Scheme 1c). We envisaged that enantioselective Michael addition-lactonization with a masked ,-unsaturated ester equivalent, 6 followed by nucleophilic ring-opening, would give 2 with high diastereo-and enantiocontrol. These products would act as valuable precursors in the preparation of functionalized dihydroindolizinones 3, using the inherent reactivity of the pyrrole unit to promote intramolecular Friedel-Crafts acylation. The indolizine core is widely found throughout Nature, 7 while substituted dihydroindolizinones have been investigated for biological activity and used Scheme 1. Scope and limitations of isothiourea-catalyzed enolate formation from carboxylic acid oxidation level as versatile intermediates in natural product synthesis. 8 Investigations began with the reaction of 2-(1H-pyrrol-1yl)acetic acid 1 with (E)-1,1,1-trichloro-4-phenylbut-3-en-2one 4 ( Table 1 ). Treating acid 1 with pivaloyl chloride and i-Pr2NEt to generate a mixed anhydride in situ, followed by addition of the isothiourea BTM 7 (10 mol%), trichloromethyl enone 4, and further i-Pr2NEt in CH2Cl2 at rt led to exclusive formation of the pyranone 5, isolated in 50% yield (entry 1). The unexpected formation of 5 is thought to have arisen from base-mediated elimination of HCl from the desired dihydropyranone 6 followed by isomerization. 9 The use of the isothiourea HyperBTM 8 as catalyst gave the first evidence of dihydropyranone 6. However, pyranone 5 was still the major product (entry 2). Screening showed that the reaction solvent has a dramatic effect on the product distribution, with both toluene and DMF leading to preferential formation of the dihydropyranone 6, albeit with a lower conversion of starting materials (entries 3 and 4). The use of ethyl acetate resulted in an 80% conversion into an ~12:88 mixture of 5:6, with dihydropyranone 6 being formed in a promising ~89:11 dr (entry 5). Acetonitrile proved to be the optimal solvent, giving dihydropyranone 6 as the only product in ~90:10 dr with quantitative conversion of the starting materials (entry 6). The use of alternative catalysts BTM 7 and tetramisole 9 led to lower reactivity, although the product ratio and diastereoselectivity remained high (entries 7 and 8). Lowering the catalyst loading of Hy-perBTM 8 to 5 mol% resulted in a slight drop in product conversion (entry 9), while a control reaction in the absence of catalyst led to no product formation (entry 10). Unfortunately, all attempts to isolate product 6 by column chromatography or crystallization were unsuccessful. 10 To facilitate the isolation of stable derivatives of the Michael addition-lactonization product 6, in situ ring-opening and nucleophilic displacement of the resulting CCl3 ketone was investigated (Scheme 2). Performing the HyperBTM-catalyzed Michael addition-lactonization reaction as previously, followed by addition of excess methanol and DMAP (20 mol%) to the crude reaction mixture and warming to rt gave diester 10 as an 86:14 mixture of separable diastereoisomers isolated in 90% combined yield. Pleasingly, the major anti-diastereoisomer was formed in excellent 99:1 er, while the minor syn-diastereoisomer was obtained in 86:14 er. This process could be performed on gram-scale (8 mmol 1) with 10 being isolated in comparable yield and enantioselectivity. 11 Ring-opening with excess benzylamine followed by aminolysis was equally successful, giving diamide 11 in 70% yield as a single diastereoisomer after purification in 99:1 er. Secondary amines such as morpholine and pyrrolidine could also be used, giving products 12 and 13 in slightly reduced yields but high er (99:1). Scheme 2. Ring-opening and CCl3 displacement a-c a dr determined by 1 H NMR analysis of crude reaction mixture. b Combined isolated yield of separable mixture of diastereoisomers. c er determined by HPLC analysis.
The scope of the developed methodology was further assessed by reacting pyrrole acetic acid 1 with various substituted trichloromethyl enones under the previously optimized conditions, followed by nucleophilic ring-opening and subsequent alcoholysis or aminolysis (Scheme 3). The reaction was tolerant of a range of aryl trichloromethyl enones, including those bearing electron-donating methoxy substituents, forming products 14-17 in good yield with excellent enantioselectivity. A range of electron-withdrawing substituents including 4trifluoromethyl and nitro-groups in each ring-position were also well tolerated, forming products 18-25 without compromising the stereoselectivity. Various halogen-substituted rings were also incorporated to form products 26-33 in excellent yield, with the major diastereoisomer in each case being formed in 99:1 er. The use of a 2-furyl-substituted trichloromethyl enone required an extended reaction time of 40 h to form the products 34 and 35 in good yields. The major diastereoisomer of diester 34 was successfully recrystallized and single-crystal X-ray analysis provided confirmation of the relative and absolute configuration, 12 with all other products assigned by analogy. Alkenyl substituted trichloromethyl enones were also tolerated, allowing diester 36 and diamide 37 to be obtained in good yields and high er. However, alkylsubstituted trichloromethyl ketones gave products 38 and 39 obtained with low dr upon ring-opening. Notably, for each example, the diamide products resulting from aminolysis were consistently obtained with higher dr compared with the corresponding diesters from alcoholysis. Moreover, the minor diastereoisomeric diester product was obtained with lower er compared with the major diastereoisomer. For example, ringopening with MeOH gave diesters 26:40 in 80:20 dr, with purification giving the separable major (2S,3S)diastereoisomer 26 (99:1 er), and the minor (2R,3S)diastereoisomer 40 (90:10 er). Control experiments (Scheme 4) treated isolated (2S,3S)-26 (>95:5 dr, 99:1 er) with DMAP (20 mol%) and excess i-Pr2NEt in MeOH, which resulted in selective epimerization at C(2), to give a 29:71 mixture of (2S,3S)-26 : (2R,3S)-40, both in 99:1 er. 13 Subjecting isolated (2R,3S)-40 (>95:5 dr, 90:10 er) to the same conditions resulted in a similar 22:78 mixture of (2S,3S)-26 : (2R,3S)-40, both in 90:10 er. These results suggest that epimerization of the major-(2S,3S)-diester diastereoisomer gives the (2R,3S)diastereoisomer that is enantiomeric to that formed from ringopening and alcoholysis of the minor dihydropyranone diastereoisomer from the initial Michael addition-lactonization, accounting for the lower observed product er. An analogous experiment with diamide 27 showed no epimerization, consistent with the higher dr observed for this series. 11 Next, the synthetic utility of the diester products as dihydroindolizinone precursors was investigated (Scheme 5). Treating isolated diester 10 with boron tribromide in CH2Cl2 at 0 °C resulted in a facile intramolecular Friedel-Crafts acylation to form the dihydroindolizinone 41 in 75% yield without erosion of either diastereo-or enantioselectivity (>95:5 dr, 99:1 er). 14 Dihydroindolizinone derivatives 42-44 bearing electrondonating (4-OMe) and electron-withdrawing (4-CF3 and 4-NO2) aryl substituents were prepared in an analogous fashion in high yield as single stereoisomers. A heteroaromatic 2-furyl substituent was also well tolerated, forming product 45 in excellent 86% yield. Chloro-substituted dihydroindolizinone 46 was also formed in high yield, with the relative and absolute configuration confirmed by single crystal X-ray analysis. 15 Scheme 5. Synthesis of Dihydrindolizinones a-c a Isolated yields. b dr determined by 1 H NMR analysis of crude reaction mixture. c er determined by HPLC analysis.
In conclusion, 2-(1H-pyrrol-1-yl)acetic acid 1 is a suitable isothiouronium enolate precursor, undergoing Michael addition-lactonization with a range of α,β-unsaturated trichloromethyl enones. The dihydropyranone products readily undergo nucleophilic ring-opening followed by either alcoholysis or aminolysis to form substituted pyrroles with excellent diastereo-and enantioselectivity. These products can be further derivatized into substituted dihydroindolizinones through intramolecular Friedel-Crafts acylation.
